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AN INVESTIGATION OF 

MODIFIED CLUSTERED JET-EXIT ARRANGEMENTS 

AT SUPERSONIC SPEEDS" 

By Harry T. Norton, Jr., Willard E. Foss, Jr., 
and John M. Swihart 

SUMMARY 

An investigation of several side-by-side modified clustered jet- 
exit configurations has been conducted in the Langley 9- by 12-inch 
supersonic blowdown tunnel at Mach numbers from 1.62 to 3.05. 
span models were mounted from the tunnel wall and three jet exhausts 
were simulated with cold air. 

6 and the Reynolds number range was 7 x lo6 to 11 x 1-0 based on model 
wing root chord. 

The semi- 

The angle of attack was maintained at 0' 

The results of the investigation indicate that larger gains in per- 
formance were obtained by eliminating large flat base areas with termi- 
nal fairings than by boattailing between nacelles. 
indicate some possible improvement in performance by careful nozzle-slot 
design. 

The results also 

INTRODUCTION 

Large supersonic airplanes may have a number of engines grouped 
together in a side-by-side arrangement. For such configurations, inter- 
ference of the multiple jets on the afterbodies, bases, and fairings 
between engines would be expected to have important effects on the air- 
plane performance. 
exit arrangements at supersonic speeds are shown in references 1 and 2. 
Results presented in references 3 and 4 indicate that an improvement 
in off-design performance.might be obtained by slotting the nozzle 
afterbody or by adding terminal fairings. 

Some results obtained with side-by-side clustered 

However, the use of modified 

-E Title, Unclassified. 
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nozzles to obtain improved off-design performance may seriously affect 
the on-design range of a M = 3.0 cruise airplane. 

r, 

The purpose of the paper is to present data obtained at supersonic 
speeds in the Langley 9- by 12-inch supersonic blowdown tunnel on sev- 
eral modified clustered exit arrangements. The semispan model simu- 
lated a propulsion system mounted below the wing with the center of the 
jet exits at the wing trailing edge. The exit modifications included 
slotted-nozzle afterbodies and terminal fairings. The jet flow was 
simulated with cold air at jet total-pressure ratios from 1 (jet off) 

number range was from about 7 x lo6 to 11 x 10 
chord. 

to about 40 at Mach numbers of 1.62, 1.96, 2.55, and 3.05. The Reynolds I 
6 1 

s 
based on model wing root 

L 

SYMBOLS 

d 

CD 

CD, i 

CF 

CF, i 

cP 

D 

F 

Fi 

diameter 

drag coefficient, D/qS 

jet-off drag coefficient of the model with configuration 8 
having the pressures on the base and jet-exit areas adjusted 
to free-stream static pressure . 

thrust coefficient, F/qS 

ideal thrust coefficient, Fi/qS 

p2 - pm pressure coefficient, 
Q 

thrust 

ideal jet thrust for complete isentropic expansion to free- 
f Y-11 

acceleration of gravity 

nozzle length from throat to exit 
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Mach number 

Reynolds number 

pres sure 

ratio of jet total pressure to free-stream static pressure 

dynamic pressure 

gas constant, ft/OR 

wing area (0.35 sq ft) 

stagnation temperature 

weight flow 

distance from wing trailing edge (positive rearward) 

boattail angle 

ratio of specific heats 

efficiency factor, 

nozzle divergence angle 

(cF - CD + cD, i) /cF, i 

Subscripts: 

av average 

b base 

e exit 

i ideal 

3 Jet 

1 local 

max maximum 

P nozzle throdt 
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t o t a l  

f r ee  stream 

APP R !INS AND METHODS 

Models 

The general j e t - ex i t  t e s t  arrangement i s  presented i n  f igure 1 and 
i s  iden t i ca l  t o  t h a t  used i n  reference 2. Photographs of the  model a re  
shown i n  f igure 2 and t h e  geometric d e t a i l s  a r e  shown i n  figure 3. The 
wing of the model w a s  of a smaller scale  than the engines t o  permit 
invest igat ion of l a rge r  scale  ex i t s  than would be possible with a t rue  
semispan model i n  the Langley 9- by 12-inch supersonic blowdown tunnel; 
however, the coeff ic ients  presented herein are based on t h e  wing area 
of a true semispan model (0.33 sq f t )  which i s  scaled according t o  e x i t  
s i ze  t o  give t h e  drag coef f ic ien ts  r e a l i s t i c  values. 
e x i t  configurations a?e shown i n  f igure 4 and t ab le  I. The same con- 
f igurat ion numbers have been retained i n  t h i s  paper .that were used i n  
reference 2 since the present configurations a re  modifications t o  t h e  
or ig ina ls .  

Details of the  

Photographs of the  configurations are shown i n  f igure  5. 

Configuration 3 was modified by cut t ing  longitudinal s l o t s  i n  the  
nozzle diverging sect ion i n  a manner s i m i l a r  t o  t h a t  shown i n  refer-  
ence 3 f o r  the slotted-afterbody model. 
s l o t s )  extended 50 percent of the  distance from the e x i t  t o  the  throa t  
and the  second set of s l o t s  (ca l led  long s l o t s )  extended from the  e x i t  
t o  the  throa t .  
cent, respectively, of the  surface area of the  divergent portion of t he  
nozzle. These s l o t s  provided a means f o r  vent i la t ing  the  nozzle with 
free-stream air. (See ref. 3 . )  

One s e t  of s l o t s  (ca l led  short  

The short  and long s l o t s  eliminated about 14 and 21 per- 

Configuration 8 was modified with afterbody terminal f a i r ings  
designed according t o  the concepts presented i n  reference 4. 
afterbody terminal f a i r ings  eliminate the  f la t  base a rea  and provide 
th rus t  surfaces f o r  the underexpanded j e t .  (See f ig .  4 ( c ) . )  

These 

Configuration 9 was modified i n  a manner similar t o  t h a t  used on 
The s l o t s  extended about 60 percent of the  distance configuration 5.  

from the  e x i t  t o  t he  th roa t  and eliminated about 10 percent of t he  noz- 
z le  surface area. 
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Tests and Measurements 

The investigation was conducted in the Langley 9- by 12-inch super- 
sonic blowdown tunnel concurrently with that of reference 2. 
nation pressures ranged from 35 to 50 lb/sq in. ab:; for Mach numbers 
of 1.62, 1.96, 2.55, and 3.05 and these Mach numbers were obtained by 
using interchangeable nozzle blocks. The Reynolds number, based on a 

6 6 model wing root chord of 10 inches, ranged from 7 :K 10 to 11 x 10 , 
depending upon the test Mach number and stagnation pressure. 
investigation was conducted at an angle of attack and an angle of yaw 
of 00. 

The stag- 

The 

The jet-exit air flow was furnished from a 300 lb/sq in. abs supply 
and was conducted to the model through the center of the strain-gage bal- 
ance, as shown in figure l. 
model and was exhausted axially through the three jet exits (fig. l(b)) . 
Jet total pressure was controlled by a mechanical pressure-regulator 
valve and the value obtained from a total-pressure tube installed on the 
center line of each duct upstream of the throat (fig. 4(a)). 
jet weight flow was determined by a calibrated Venturi meter. 

The air flow was turned 90° upon entering the 

The total 

Surface pressure orifices were located on configuration 5 as shown 
in figure 4 and they were used to determine the local pressure coeffi- 
cients over the fairing section between nacelles. For configurations 8 
and 9 from 6 to 12 surface pressure orifices were spaced in the base 
area to determine base pressure coefficients. Fo:r configuration 8 with 
the terminal fairings two orifices were located on the inner surface of 
one of the fairings (fig. 4(c)) to determine the local pressures on the 
fairings during jet operation. 

Model forces and moments were determined by a three-component strain- 
gage balance with a hollow center which was attached to the tunnel top, 
as shown in figure l(b). 
of the three-component balance were used to correct the axial-force out- 
put for interactions, and only axial-force data are presented in this 
paper. As mentioned previously, jet air was piped through the center 
of the balance to the model. The supply piping arrangement shown in 
figure 1 was selected to minimize force-interference effects between 
the model and the supply pipe supports. Calibration of the balance with 
and without the supply pipe installed showed no effects of the pipe on 
the forces and moments within the accuracy of the measurements. 

The normal-force and pitching-moment outputs 

Installation of the model through the tunnel wall required a clear- 
ance gap of 1/16 inch between the model and wall to avoid balance fouling 
(fig. 3 ) .  Because of the large pressure differential existing between 
the atmosphere and the tunnel stream during operation at the higher Mach 
numbers, leakage flow through the gap and into the tunnel could cause 
significant interference effects on the measured forces. In order to 
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6 C0I"IDENTIAL . 
avoid these interference effects, a cylindrical shroud, the top of which 
was formed into a labyrinth seal, was installed around the balance. 
(See fig. l(b).) 

A l l  pressure, temperature, and force data were recorded simultan- 
eously for each individual test point. 
using diaphragm-type pressure cells. 
temperature were determined from the outputs of self-balancing poten- 
tiometers which were recorded on strip charts. The accuracy of meas- 
urement is estimated to be as follows: 

Pressures were recorded on film 
The forces, moments, and jet total 

M . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.02 
fO.O1 

+2 

NRe, percent, caused by changes in Tt . . . . . . . . . . . . .  
0 Tt, R . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

pt,3/p,. . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.4 

CF +0.001 
cp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  k O . 0 1  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CD k0.001 

RESULTS AND DISCUSSION 

Jet Simulation 

Jet-exit flow for the present configurations was obtained by using 
As pointed out in reference 5, the wave inter- room-temperature air. 

ference of a hot jet operating at or above the design-pressure ratio 
can be closely simulated with a cold jet if the initial slope of the 
jet boundary is duplicated. Duplication of the initial slope of the 
jet boundary is accomplished by operating the cold jet (7 = 1.4) at 
higher total-pressure ratios. The total-pressure-ratio variation with 
Mach number of a typical operating supersonic turbojet engine is shown 
in figure 6. The total-pressure-ratio variation of a cold jet which 
produces approximately the same initial jet boundary as that produced 
by the hot turbojet engine is also shown in figure 6. Analysis fig- 
ures presented in this paper are presented at the scheduled cold-air 
pressure ratios. 

Basic Data 

The variation of measured thrust-minus-drag coefficient with jet 
total-pressure ratio for the configurations is shown in figure 7 at 
Mach numbers of 1.62, 1.96, 2.55, and 3.05. The value of CT - CD 

CONFIDEWI'IAL 
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plotted at a jet total-pressure ratio of 1.0 represents the jet-off drag 
of the configuration. 

Pressure distributions over the fairing between the nacelle are 
shown in figure 8 for configuration 5 with long slots. 
jet total-pressure ratio produced more positive pressures on the fairing 
down stream of the nozzle throat which is located at Pres- 
sure distributions over the fairing between the nacelles were not obtained 
on configurations 8 and 9.  

Increasing the 

x = -0.545. 

Base Pressure 

The variation of the arithmetically averaged base pressure coeffi- 
cient with jet total-pressure ratio for configuration 8 with and with- 
out terminal fairings is shown in figure 9.  It can be seen that the 
effect of the terminal fairings on the average base pressure coefficient 
varied with both jet total-pressure ratio and free-stream Mach number. 
In general, the base pressure coefficients were reduced (became more 
negative) by the addition of the fairings at the lower Mach numbers and 
increased at the higher Mach numbers. Also, the variation of the pres- 
sure coefficient on the inside surface of the term-inal fairing is shown 
in figure 9. 
terminal fairing surface, producing much more favorable levels of pres- 
sure coefficient at the higher pressure ratios and is very beneficial 
at M = 3.05. 

It is apparent that the jet was expanding against the 

The variation of the average base pressure coefficient with pres- 
sure ratio is shown in figure 10 for configuration 9 and for configura- 
tion 9 slotted. In general, the  e f f ec t  of the slots was t o  produce 
slightly more positive base pressure at the lower pressure ratios and 
more negative base pressure at the higher pressure ratios. This result 
at the lower pressure ratios is due to the ventilating effect of the 
slots while at the higher pressure ratios the s lo ts  eliminated the 
beneficial interference effects associated with a solid nozzle. 

The variation of base pressure coefficient with Mach number at the 
scheduled jet total-pressure ratio is shown in figure 11 for configura- 
tion 8 and in figure 12 for configuration 9. The terminal fairing sur- 
faces on configuration 8 are shown to be experiencing thrust forces at 
Mach numbers above 2.2 in figure 11. 
will be shown later to have a very beneficial effect on the net thrust 
minus drag of the configuration. 
cate that the slot used on configuration 9 had a detrimental effect on 
the base pressure at all Mach numbers except 

These positive pressure forces 

The data presented in figure 12 indi- 

M = 3.05. 

D CONFIDENTIAL 
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Performance 

The effect of Mach number on configuration efficiency factor 
is shown in figure 1 3  for the configurations. Configuration efficiency 
factor 
plus the installation drag of the model divided by the ideal thrust of 
a nozzle passing the same airflow as the configuration being considered. 
Installation drag is the jet-off drag of the model with the zero boat- 
tail flat base configuration (configuration 8 with the entire base region 
adjusted to free-stream static pressure). 
thrust or drag due to the various modifications is reflected as an 
increase or decrease in configuration efficiency factor. 

7 

is defined as the measured thrust minus drag of the model 7 

In this manner, the change in 

As stated previously, configuration 5 was modified by slotting the 
divergent portion of the nozzle. 
shown in figure l3(a).  
was not as might be expected. 
produced a l o s s  in 7) 
in figure 8 indicated possible drag reductions. The loss in -q is 
therefore due to thrust losses associated with the jet expanding through 
the long slots. At Mach number 2.52 where the nozzle is on design pres- 
sure ratio, both of the slotted nozzles had better performance than the 
solid nozzle indicating that the reduction in drag was greater than the 
loss in thrust due to the slots. At M = 3.05 there was little dif- 
ference in the long and short slots, both of them are about 10 percent 
lower in 7 than the solid nozzle. This large loss is probably due to 
flow through the slots and consequent loss in internal thrust. 
short slots were better than the long slots at the lower Mach numbers. 

The effect of these modifications is 
In general, the effect of slotting the nozzle 

For example at M = 1.62, the long slots 
even though the pressure distributions presented 

The 

The results presented in figure l3(b) indicate the effect of slots 
on the performance of configuration 9 .  
of the slots was less than those used on configuration 5. It can be 
seen that reducing the area of the slots eliminated most of the thrust 
losses at M = 1.62 (configuration 5, long slots) but did not provide 
the improvement associated with the slots of configuration 5 at the 
higher Mach numbers. In general the results presented in figure l3(a) 
and (b) indicate some possible improvements in performance, by careful 
nozzle- slot design. 

As stated previously the area 

Configuration 8 with and without terminal fairings is compared in 
figure l3(c) to show'the effect of eliminating large flat base area by 
using terminal fairings. Configuration 1 from reference 2 is compared 
to configuration 8 in figure l3(c) and shows the effect of eliminating 
base area by boattailing. 
geometry as configuration 8; however, the fairing between the engine 

were boattailed ( p  = 6 . 9 O ) .  
performance were obtained by eliminating large flat base areas with 

Configuration 1 has the same internal nozzle 

afterbodies was the same as configuration 5 and the engine afterbodies 4 
The results indicate that large gains in 

CONI~IDENTIALI 
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terminal fairings and by boattailing between nacelles. 
est in figure l3(c) is the fact that, at the higher Mach numbers larger 
gains in performance were obtained by terminal fairings than by boat- 
tailing. The jet is operating well above design pressure ratio 
(pt, j/pm = 7.7, 
expanded jet are acting along the terminal fairings thereby producing 
thrust. (See fig. 11.) 

Of primary inter- 

y = 1.4) and the positive pressures of the under 

CONCLUDING RFslARKs 

An investigation of modified clustered jet-exit configurations 
arranged side by side along the trailing edge of a wing has been con- 
ducted in the Langley 9- by 12-inch supersonic blowdown tunnel at Mach 
numbers of 1.62, 1.96, 2.55, and 3.05. The results of the investiga- 
tion indicate that significant gains in performance were obtained by 
eliminating large flat base areas with terminal fairings and by boat- 
tailing between nacelles. For one specific configuration larger gains 
were obtained by the terminal fairings than by boattailing. 
also indicate some possible improvements in performance by careful 
nozzle- slot design. 

The results 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., March 27, 1961. 
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(b) Model installation. 

Figure 1.- Concluded. 
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(b) Configuration 8. 

Figure 4 .- Continued. 
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Section A-A 

Section B-B 

.OlO 1 ; .065 
Slot shape Config 9 

8-slots, equal 
spacing taper 

.729 k . 0 6 5  from 0.010 to 

Section B-B of Config. 9 with slots 

(d) Configuration 9 .  

Figure 4.- Concluded. 
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Configuration 5 L 59- 4416 

Configuration 5, short slots 

L 59- 1330 
(a) Configuration 5 and configuration 5 with  short slots. 

Figure 5.- Photographs of the clustered exi ts .  
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Configuration 8 L 59- 4417 

Configuration 8, terminal fairings 

(b) Configuration 8 and configuration 8 with terminal fairings. 

Figure 5.- Continued. 
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Configuration 9 

~~ 

Configuration 9, slotted 

L 59- 4412 

(c) Configuration 9 and configuration 9 with s lo t s .  

Figure 5.- Concluded. 
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Jet total-pressure ratio, pt, j/pm 

(a) Configuration 5. 

25 

Figure 7.- Effect of jet total-pressure ratio on measured thrust-minus- 
drag coefficient. 
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(b) Configuration 5 with short slots. 

Figure 7.- Continued. 
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Jet total-pressure ratio , pt, j/pa 

(c) Configuration 5 with long slots. 

Figure 7.- Continued. 
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4 
Jet total-pressure ratio, Pt,j/Pa 

(a) Configuration 8. 

Figure 7.- Continued. 
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(e) Configuration 8 with terminal fairings. 

Figure 7.- Continued. 
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( f) Configuration 9. 

Figure 7.- Continued. 
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----- - - ~ ~  --- -- 

(g) Configuration 9 with s l o t s .  

Figure 7. - Concluded. 
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X, inches from 
-1.4 -1.2 -1.0 -.E -.6 - 

wing trailing edge 

Figure 8.- Variation of pressure coefficient with distance from wing 
trailing edge along fairing between nacelles on configuration 5 with 
long s lo ts .  Flagged symbols are for lower surface. Ticks indicate 

. 
throat position. 
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Figure 9.- Effect of jet total-pressure ratio on base pressure coeffi- 
cients and terminal fairing surface pressure coefficients for con- 
figuration 8 at several Mach numbers. 
Pt, j / ~ m  (cold air). 

Ticks indicate design 
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Mach number, M 

Figure 11.- Comparison of base and terminal fairing pressure coefficient 
for a schedule variation of jet total-pressure ratio. 
tion 8 and configuration 8 with terminal fairings. 

Configura- 
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Mach number, M 

Figure 12.- Comparison of average base pressure coefficients for con- 
figuration 9 and configuration 9 slotted for scheduled variation of 
jet total-pressure ratio. 
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Mach number, M 

(a) Comparison of configuration 5, configuration 5 with short slots, 
and configuration 5 with long slots. 

Figure 13.- Effect of Mach number on configuration efficiency factor. 
Data are for pressure ratio schedule for cold air shown in figure 6. 
Ticks indicate Mach number at which nozzle is on design pressure 
ratio. 
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Mach number, M 

(b) Comparison of configuration 9 and configuration 9 slotted. 

Figure 13 . -  Continued. 
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